A two-photon transition in laser-cooled and trapped calcium atoms is proposed as the atomic reference in an optical frequency standard. An efficient scheme for interrogation of the frequency standard is described, and the sensitivity of the clock transition to systematic effects is estimated.
I. INTRODUCTION
With their extremely high quality factors, narrow optical resonances in atoms are ideal candidates for realizing a highly stable atomic frequency reference. Optical frequency standards (OFS), consisting of narrow linewidth lasers stabilized to atomic transitions, have improved their performance significantly over the last decade. They are soon likely to lead to a more accurate re-definition of the SI second [1, 2] . The atoms in these frequency standards must be isolated from external perturbations and frequency shifts due to atomic motion, and therefore OFS typically use trapped atoms or atomic ions. The best performance to date has been obtained by interrogating the narrow 1 S 0 → 3 P 0 transition in Sr and Yb atoms trapped in optical lattices, to eliminate Doppler and photon recoil shifts, with the lattice lasers tuned to a "magic" wavelength to minimize perturbations on the atoms [3, 4] .
Aside from the primary optical clocks that will form the basis of the new SI second, there is a need for ensembles of secondary frequency standards to provide optical flywheels for generating timescales [5] . A compact and transportable standard could also address the important problem of comparing the performance of widely separated primary frequency standards. In addition to improving the accuracy of atomic timekeeping, secondary OFS will also find applications in low-noise microwave synthesis (using frequency combs to transfer the phase stability of optical waves to microwaves [6] ) and precise geodetic surveys (using the high sensitivity of optical clocks to gravitational red-shifts [7] ). An array of high-performance frequency standards aboard satellites could also be sensitive to gravitational waves [8, 9] .
However, all these applications need a compact OFS that can provide robust long-term performance. A simple design with low system complexity will be an important step towards this goal.
In this paper, the E1 2 two-photon transition between the 4s MOTs, the lattice laser, and the associated vacuum and optical hardware from the apparatus.
This scheme is therefore well-suited to the realization of portable and low-maintenance secondary optical standards capable of high stability and accuracy. In the following section, the design of such a frequency standard, and an efficient interrogation scheme for the clock transition, are described. This is followed by estimates of the susceptibility of the clock transition to undesired frequency shifts.
We note in passing that an even narrower two-photon transition is generally available in the alkaline earth atoms between the 
II. INTERROGATION SCHEME
Alkaline earth atoms are loaded from an oven or a getter [11] into a compact ultra-highvacuum chamber pumped by an ion pump. A standard MOT configuration is used for laser cooling and trapping on the strong 4s We assume that a sufficiently long interrogation sequence is used (≥6.3 ms for a Ramsey sequence) so that the measured linewidth is limited by the natural linewidth of the transition.
The excitation probability is measured using laser-induced cycling fluorescence on the Assuming that N = 10 6 atoms can be interrogated in the MOT and detected with shot-noise-limited sensitivity, the frequency resolution of the clock, with a natural lifetime T and an integration time τ , is δν = 1/2π √ N T τ . Using T = 2 ms, this evaluates to a fractional frequency resolution δν/ν = 10 −17 / τ (s). Even allowing that this might be reduced due to the duty cycle of the interrogation, this is an extremely attractive sensitivity for a secondary standard, which must be capable of quick comparisons with primary standards and other frequency references. Further, the fast cycle time means that Dick effect noise is less important -the flywheel for the laser's frequency only needs to carry it over for ∼ 10 ms, until the next interrogation -leading to relaxed requirements on the LO. Calculations using realistic parameters for a MOT indicate that a two-photon Rabi frequency Ω eff = 2π× 300 Hz can be achieved with 1 W of LO power, commensurate with a modest power build-up cavity around the MOT that is fed by a 916 nm diode laser. All the lasers can be derived from laser diodes, and the scheme is compatible with a low-mass, low-power apparatus. We also note that this scheme lends itself quite naturally to methods that attempt to push beyond the standard quantum limit, using atom-cavity interactions [13] and/or non-classical light sources. 
This rather small number implies that the stability of the temperature of the atoms in the MOT will not affect the operation of the frequency standard to any relevant degree.
B. Collisions
Assuming a MOT density n MOT = 10 9 /cm 3 and a collision cross section σ 10 −14 cm 2 , the estimated mean free time between collisions is τ coll 1500 s. This is significantly larger than the expected cycle time of the interrogation. Conservatively assuming ∼ π rad phase shift per collision, the (fractional) collisional frequency shift evaluates to ∼ 3 × 10 −18 . Therefore we consider it likely that collisional effects can be controlled or calibrated at the level of ≤ 10 −16 .
C. Electric shifts
The DC electric and light shifts were evaluated numerically, using the known transition rates (and dipole matrix elements derived from them) for the singlet states up to 4s5p [14] .
The calculated DC polarizability of the 4s 2 1 S 0 state is 75, a 
The light shift of the clock transition due to photons at 916 nm was evaluated using dressed states (using both the co-and counter-rotating components). It is equal to ∆E LS The calculated energy shifts are are fit to a quadratic curve to obtain the DC polarizability α DC .
the (spatial) excitation profile scale in the same way with the laser intensity. Once the light shift is calibrated, it can be applied as a correction that is proportional to the (measured) excitation probability. cf. [15] for an example of a highly forbidden transition, where the light shift is cancelled by extrapolating the laser power. b) There are variants of the Ramsey pulse sequence that have been applied to forbidden clock transitions ("hyper-Ramsey" pulse sequences) [16] , where the light shift can be cancelled at the expense of some complexity in the interrogation pulse sequence. 
D. Black-body radiation shift
The BBR shift can be approximately estimated from the DC electric polarizabilities, since the relevant atomic transitions are well to the blue of the thermal photon distribution:
(Here α is the fine structure constant, T is the temperature in atomic units, and the value for δν BBR is also in atomic units.) Using the above-calculated DC polarizabilities, this yields (δν/ν) BBR ≈ 0.6 × 10 −15 . This BBR shift only needs to be evaluated to ∼ 10% accuracy, to obtain ≤ 10 −16 fractional accuracy of the frequency standard at room temperature.
E. Magnetic shifts
The clock states are both m = 0 states, and the most abundant calcium isotope has zero nuclear magnetic moment. The dominant source of magnetic shifts of the clock transition is a 2nd-order Zeeman shift due to the B-field-induced mixing of the 1 D 2 and 3 D 1,3 states.
Assuming a ∼1 µ B matrix element for this spin flip transition, and using the energy difference ∆ ≈ 50 THz between these states, the magnetic shift coefficient for the clock transition is estimated to be δν B ≈ 50 mHz/G 2 . The fractional shift is δν ν B ≈ 2 × 10 −16 /G 2 . This bodes well for achieving a fractional frequency accuracy better than 10 −16 using field cancellation coils and/or simple magnetic shielding.
IV. SUMMARY
A scheme to construct an optical frequency standard has been described, based on the 1 S 0 → 1 D 2 two-photon transition in calcium atoms trapped in a magneto-optical trap. Using a simple apparatus, it is capable of achieving statistical sensitivity and systematic immunity at the level of ≤ 1 part in 10 16 . The dominant systematic effects that are likely to affect the operation of the frequency standard are listed in Table I . An implementation of this scheme in a compact calcium MOT could lead to robust and portable frequency standards, with a multitude of potential applications in time & frequency transfer, geophysics and precision measurements. We have begun the construction of a prototype device.
